Dimeric indole alkaloids (DIAs), such as vinblastine and vincristine, found in Catharanthus roseus are used clinically as antitumor drugs. A stable supply of DIAs is desired because these alkaloids are very expensive due to their low abundance in plants. A coupling reaction between catharanthine (CAT) and vindoline (VID) is the rate-limiting step of DIAs biosynthesis in planta. 3', 4'-Anhydrovinblastine (AVLB), the product of the coupling reaction, is the precursor of CAT and VID. Therefore, an effective AVLB production system is greatly required. Previously we found that the coupling reaction of CAT and VID to produce AVLB occurred in the presence of flavin mononucleotide and manganese ion (II) by irradiation with near-ultraviolet light at a peak of 370 nm without the presence of any enzyme. In this study, we investigated the effects of organic solvents on this non-enzymatic reaction. We show that the addition of 10% methanol to the reaction mixture permitted the preparation of a highly concentrated substrate solution, resulting in a high yield of AVLB by the coupling reaction. Conditions for the coupling reaction in 10% methanol solution were optimized. We also confirmed that the coupling reaction could occur in crude extracts of C. roseus obtained by organic solvent extraction. These findings suggest a method to produce DIAs on a large scale with reduced production costs.
Dimeric indole alkaloids (DIAs), such as vinblastine and vincristine, in Catharanthus roseus have antineoplastic activities and are used as antitumor drugs [1, 2] . DIAs are still very important clinical medicines, but the DIA content of C. roseus plants is very low; for example, the vinblastine content is about 0.0003% of the dry weight [3] . Due to this low abundance, massive numbers of C. roseus plants would have to be cultivated to extract and purify sufficient amounts of DIAs for large scale production and such an approach would be cost prohibitive. Total synthesis methods for DIAs have been developed [4] , but the process has many reaction steps that are difficult to apply to industrial-scale production. Therefore, a simple synthetic method for large-scale DIAs production is required.
DIAs are synthesized by a coupling reaction between catharanthine (CAT) and vindoline (VID), with subsequent chemical modifications, including reduction and formylation. CAT and VID contents in C. roseus plant are very high, but that of 3', 4'anhydrovinblastine (AVLB), the product of the coupling reaction, is very low. Therefore, the coupling reaction is the rate-limiting step of DIAs biosynthesis in C. roseus [1, 2] . AVLB is a promising medicine, along with vinorelbine and vinflunine, for the treatment of breast carcinoma and bladder cancer, respectively [5, 6] . Therefore, it is important to enhance this coupling reaction to provide a stable supply of DIAs.
Oxidation of CAT is the first step in this coupling reaction. Several researchers have previously proposed that this initial step is catalyzed by enzymes such as peroxidase [1] . Some groups also have reported AVLB synthesis by addition of peroxidase to crude extracts of C. roseus containing CAT and VID [7, 8] . However, scale-up of this method cannot be successful due to high costs and instability of peroxidase. In contrast, we have reported that the amount of DIAs in C. roseus shoots increased after irradiation with near-ultraviolet light (NUV), with a peak wavelength at 370 nm [9] [10] [11] . Interestingly, the accumulation of DIAs after NUV irradiation occurs non-enzymatically [12] . Moreover, we also showed that the coupling reaction of CAT and VID occurred in the presence of flavin mononucleotide (FMN) and manganese ion (II) by NUV irradiation, resulting in the production of AVLB in the absence of any enzymes or other biological components in this coupling reaction mixture [13] . This non-enzymatic reaction is a promising method for large-scale AVLB production.
In this study, our objective was to optimize the condition of this non-enzymatic coupling reaction. Here we investigate the effects of organic solvents added to the reaction mixture on the coupling reaction. The solubilities of CAT and VID in organic solvents are higher than those in water, so the initial concentrations of these substrates can be higher. We also confirmed whether the coupling reaction occurred in crude extracts of C. roseus containing organic solvents.
First, we investigated the effects of four organic solvents (methanol, ethanol, acetone and acetonitrile) at four concentrations (10, 30, 50 and 80% (v/v)) on AVLB yield in the coupling reaction. The initial concentrations of CAT and VID were 1.5 mM, which is ten times more than in previous studies. Figure 1 shows time courses of CAT, VID and AVLB levels during the coupling reaction in the mixtures containing organic solvents. The first step of the coupling reaction is the oxidization of CAT by NUV-excited FMN. Moreover, oxidized CAT can attack both VID and CAT. Thus the consumption rate of CAT was higher than that of VID. The addition of organic solvents to the coupling reaction affected AVLB production. Three patterns of AVLB accumulation were observed. First, AVLB increased rapidly in 20 min and then the level was either stable or decreased. This pattern was observed when the following organic solvents were used: 10, 30, and 50% methanol, 10% ethanol, 10% acetone and 10% acetonitrile. The second pattern was that AVLB continued to increase until 60 min. This was observed when 80% methanol, 30 and 50% ethanol, 30, 50, and 80% acetone, and 30, 50, and 80% acetonitrile were used. The third pattern of AVLB accumulation was seen when 80% ethanol was added and the AVLB did not increase. Table 1 summarizes the yield of AVLB and the CAT and VID consumption for each concentration of organic solvent, as shown in Figure 1 . The yield of AVLB decreased proportionately with the concentration of each organic solvent, and CAT in each reaction solvent decreased in spite of the production of AVLB. The maximum yield of AVLB was 17% when 10% methanol was included in the reaction mixture, and the reaction proceeded for 20 min.
Next, we investigated the effects of FMN concentration, manganese ion concentration, NUV intensity, pH and temperature on the coupling reaction containing 10% methanol. The results are summarized in Table 2 . The AVLB yield increased with an increase in FMN concentration, but was reduced when the FMN concentration was over 1 mM. The maximum yield of AVLB was obtained when the reaction was irradiated at 20 W/m 2 NUV light. Following evaluation of the FMN concentration and NUV intensity, we investigated other parameters of the coupling reaction, investigation, the optimized conditions for the coupling reaction were the following: FMN concentration, 1 mM; manganese ion concentration, pH and temperature. In this concentration, 10 mM; temperature, 25 o C; pH, 6.0; NUV light intensity, 20 W/m 2 ; composition of organic solvent in reaction mixture, 10% methanol. Under these conditions, an AVLB yield of 59% was obtained. Finally, we determined whether the coupling reaction could occur in crude extracts from C. roseus plants. Crude extracts of C. roseus leaves were prepared in methanol. After dilution with buffer and addition of FMN and MnCl 2 , the coupling reaction was conducted under the above-mentioned optimized conditions. The time-course of CAT, VID and AVLB levels are shown in Figure 2B . The coupling reaction was observed in even crude extracts without any purification. The yield of AVLB by the coupling reaction in crude extracts, which was 11% at 40 min, was much lower compared with that in solution.
Anhydrovinblastine synthesis in vitro using extracts of Catharanthus roseus Natural Product Communications Vol. 11 (8) 2016 1091 : time when AVLB yield was maximum, b-f : The coupling reaction was conducted in the presence of 1.5 mM CAT, 1.5 mM VID and 10% methanol. Other parameters for the coupling reaction were the following, b 10 mM MnCl 2 with irradiation at 5 W/m 2 NUV at 6.0, 25 o C, c 1 mM FMN, 10 mM MnCl 2 at pH 6.0, 25 o C, d 1 mM FMN with irradiation at 20 W/m 2 NUV at pH 6.0, 25 o C, e 1 mM FMN, 10 mM MnCl 2 with irradiation at 20 W/m 2 NUV at 25 o C, f 1 mM FMN, 10 mM MnCl 2 with irradiation at 20 W/m 2 NUV at pH 6.0.
The crude extract was fractionated by liquid-liquid extraction using ethyl acetate at high pH. The ethyl acetate fraction was dried and redissolved in methanol and washed with n-hexane. The partially purified extract was added to buffer (pH 6.0) containing manganese ions and FMN, and applied to the coupling reaction under optimal conditions. The result is shown in Figure 2C . The AVLB yield in reaction mixtures containing partially purified extract was 22%, double that of the reaction mixture containing the crude extract.
In this study, we show that 10% methanol provided the best yield of AVLB from the coupling reaction. We also confirmed that the coupling reaction occurred in crude extracts containing methanol. Moreover, the coupling reaction in crude extracts can remove laborious purification steps. Our study has discovered a costeffective AVLB production method in order to supply DIAs and DIA-related medicines. The mixture was adjusted to about pH 10 with 200 mL of 1.0 M sodium hydroxide, and the mixture was extracted with 300 mL of ethyl acetate. The ethyl acetate fraction was evaporated under a flow of nitrogen, and the residue was dissolved in an appropriate volume of methanol for HPLC analysis.
Quantification:
The amount of CAT VID and AVLB in each reaction mixture was quantified using a HITACHI D-7000 HPLC system (HITACHI Hitec, Tokyo, Japan). Separation was carried out with an Asahipak IDP-50 6E, 6.0 mmi.d. x 250 mm column (Shodex corp. Hyogo, Japan). The mobile phase was a mixture of acetonitrile/distilled water/trimethylamine (60/40/0.1). Flow rate was set at 1.0 mL/min. CAT and VID were monitored by UV absorption at 280 nm, whereas AVLB was determined by fluorescence detection with excitation at 305 nm and emission at 360 nm. An aliquot (10 mL) of the prepared sample solution was applied to HPLC.
Fresh C. roseus leaves were frozen in liquid nitrogen and homogenized. Then, a 5 fold volume of methanol was added and sonicated for 5 min. The mixture was centrifuged and the supernatant was collected and divided into 2 fractions. One was concentrated 25 times by drying with a nitrogen flow. The other fraction was diluted with an equal volume of 0.1% formic acid and centrifuged. The supernatant was added to 1.0 M sodium hydroxide and ethyl acetate. The ethyl acetate phase was dried and dissolved in methanol. This solution was washed with n-hexane. These 2 types of crude extract were individually tested in the coupling reaction.
